RNA polymerase initiating at Escherichia coli ribosomal RNA promoter-leader regions can efficiently read through factor p-dependent termination signals. Dissection of the promoter-leader region reveals that the ability to read through termination signals is conferred independently by both promoter and leader regions. Events in the leader also affect the transcription rate of structural genes downstream of the leader. When cells are grown in rich medium, the rrnC leader reduces transcription by a factor of approximately 4 when downstream of the rrnC promoters and by a factor of 2 when downstream of the lac promoter.
RNA polymerase initiating at Escherichia coli ribosomal RNA promoter-leader regions can efficiently read through factor p-dependent termination signals resulting from insertions of transposons, insertion sequences, or a noncoding DNA segment (1) (2) (3) (4) (5) (6) . From these results, it has been suggested that rrn operons might have an antitermination mechanism similar to the antitermination mechanisms involving phage X N and Q proteins.
Holben and Morgan (4) described a system in which lac genes can be fused to promoters to enable measurements of the efficiency of termination and antitermination independent of promoter strength. We have further developed the system to allow simultaneous measurement of transcription rates and used it to examine fusions of lac genes to the lac promoter (with and without the rrn leader) and the P1P2 rrnC promoter region (with and without a leader). The results show that the P1P2 promoter and leader regions independently confer the ability to read through termination signals. The leader region is also shown to strongly reduce transcription from both the rrnC and lac promoters, suggesting that events occurring in the leader are significant determinants of the transcription rate of rrn structural genes. The reduction of transcription by the leader is consistent with a regulatory role for the rrn leader.
MATERIALS AND METHODS
Plasmids and Bacterial Strains. EM388 (LaciZYA-, thyA36, po/AJ, deoC2, 0(rrnD-rrnE)1 X-F-) has been described (4) . Because of the polAJ mutation, plasmids that contain the origins of both F and pUC9 replicate in. EM388 solely from the origin of F. The origin of F in the plasmids described in this paper was obtained from pDF42 (7), on a Hpa I fragment. pUC9 is derived from pBR322 and contains Plac and a partial lacZ gene containing a polylinker (8) . All other plasmids are described in the figure legends.
Enzymatic Assays. Cells for enzymatic assays were grown at 370C to an OD550 of 0.5 in Luria broth (10 g of tryptone, 5 g of yeast extract, and 5 g of NaCl per liter) containing 100 ,ug of ampicillin/ml. The cells were then harvested, concentrated to an OD550 of 3.5, and lysed as described (4) by addition of toluene, Triton X-100, and lysozyme. P-Galactosidase and thiogalactoside transacetylase were assayed as described (4) . Plasmid-encoded 43-lactamase was assayed by the microiodometric procedure of Novick (9) (8) .
RESULTS
The experiments presented in this paper are designed to enable measurement of transcription rates and antitermination abilities of various constructions containing Plac, the rrnC promoters (P1P2), and the rrnC leader. Plasmid Structures. All plasmids used in this paper are derivatives of the plasmids pBH16 and pBH48 (Fig. 1 ).
lacZYA genes and lacZYA genes with IS1 (insertion sequence 1) insertions in lacY were obtained as HindIII-BamHI fragments from pMC306 and from previously described IS1 insertion derivatives of pMC306 (4). pBH16, pBH48, and the lacZYA fragment are detailed in Fig. 1 . The nucleotide sequence of the rrnC region of pBH16 was determined by the dideoxynucleotide method. This sequence and important sequence landmarks are presented in Fig. 2 . The sequence of the rrnC promoter region completes the sequencing of all seven rrn promoter regions of E. coli.
All plasmids containing Plac have the translation initiation site for lacZ upstream of the site where the leader was inserted. To prevent the possibly deleterious effects of translation into the rrnC leader, the polylinker of pUC9 was cleaved upstream of the leader with EcoRI and BamHI, the resulting cohesive ends were filled in with Klenow fragment of DNA polymerase I, and the resulting blunt ends were ligated together. A similar procedure was followed for the control Plac plasmid without the rrnC leader (pBH48). This procedure creates a frameshift in lacZ that results in an in-frame translation termination codon upstream of the rrnC leader (Fig. 3) . Appropriately placed BamHI and HindII1 sites for cloning of lacZYA DNA were then introduced by ligation of a HindIII-Sma I polylinker fragment derived from Abbreviation: IS, insertion sequence. *To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Fig. 3 . Ribosomes translating lacZ on the plasmids described in Fig. 3 initiate translation within the cloned HindIII-BamHI lacZYA fragment and are therefore not affected by the upstream termination of translation within the partial lacZ gene that immediately follows Plac.
Antitermination. The term antitermination as used here means only that termination signals are caused to function with reduced efficiency and does not necessarily imply the operation of an antitermination mechanism that has the sole or primary purpose of reducing termination. The four plasmids described above (pBH16-lac, pBH21-lac, pBH41-lac and pBH48-lac) and their IS] insertion derivatives enable comparison of the level of antitermination observed with the separated rrnC promoter and leader regions to the level of antitermination observed with the intact rrnC promoterleader region. Antitermination by promoters or leaders in these plasmid constructions allows read-through of p-dependent termination signals caused by IS1 insertions in lacY (4) . The level of termination can therefore be determined by comparing the ratio of thiogalactoside transacetylase to 13-galactosidase (the LacA/LacZ ratio) from plasmids with IS] insertions to the ratios obtained from otherwise identical constructions without IS insertions. IS) was used to introduce termination signals because it is the only terminationcausing sequence that has been examined in native rrn operons (2, 3) and in lac (4) . Although it is likely that IS] contains strong p-dependent termination signals in both orientations (dependence of termination on additional factors is also possible), it has not been ruled out that IS1 might cause termination only by unmasking p-dependent termination signals in lacY owing to uncoupling of transcription and translation (4) . For the purposes of this paper, it is unimportant to know whether the termination signals are within IS) or in lacY and unmasked by insertions of IS1. It should be noted that the LacA/LacZ ratio for plasmids with different promoter-leader regions are also influenced by read-through of termination signals that exist between lacZ and lacA in the wild-type lac operon (4). Thus, p-dependent termination events in ISI, ISJ-caused p-dependent termination events in lacY, and incompletely characterized termination events in lac may be influenced by the antitermination properties associated with the rrn promoter-leader region. The complete in vivo termination-factor requirement for these termination events has not been determined.
As previously shown (4), measurements of LacA/LacZ ratios (Table 1) allow efficient read-through of the three IS1 insertions in lac Y. If the read-through of IS1 insertions by RNA polymerase initiating at Plac is taken as the natural "leakiness" of the termination signals caused by IS1 insertions, the intact rrnC promoter-leader construction of pBH16 relieves 49o of the polarity caused by insertion 14L, 35% of that caused by insertion 24L, and 27% of that caused by insertion 27R. The leader region behind Plac relieves 51% of the polarity from insertion 14L, 30% ofthat from insertion 24L, and 31% ofthat from insertion 27R. The rrnC promoters alone relieve 39% of the polarity resulting from insertion 14L, 21% of the polarity from insertion 24L, and 5% ofthe polarity from insertion 27R. The antitermination properties of the rrnC promoter-leader region therefore can result from either the rrnC promoter or leader regions. In the case of insertion 27R, the rrnC leader contributes most of the antitermination observed from the rrnC promoter-leader region. In the case of insertions 14L and 24L, the antitermination effects of promoter and leader regions are nearly equal. From the LacA/LacZ ratios obtained in the absence of IS] insertions, it can be seen that the leader region is responsible for most of the ability of the promoter-leader region to cause read-through of termination caused by the naturally occurring termination signals between lacZ and lacA. Presumably, the differences in the degree of termination caused by the different IS] insertions and the relative contributions ofthe rrnC promoter and leader regions to antitermination are the consequences of unknown differences in termination signals resulting from different orientations and locations of the three IS) insertions examined.
The fact that the separated rrnC promoter and leader regions differ in their ability to cause read-through of some termination signals but can cause read-through of some Proc. Natl Acad Scd USA 82 (1985) portion of termination at some termination signals are refractory to antitermination conferred by the separated or intact rrnC promoter and leader regions. Previous observations on antitermination in rrn operons (1) (2) (3) (4) (5) (6) are also consistent with the proposal that termination is only partially relieved. The LacA/LacZ ratios in Table 1 The normalized ratios also show that the rrnC leader reduces transcription from the rrnC promoter region to a value that is about one-fourth of the transcription from the promoters alone. The leader reduces transcription from Plac to one-half the value without the leader. The difference in the extent of reduction of transcription from Plac and the rrnC promoters may be due to differences in the promoters, context effects such as differences in leader-promoter spacing, or the translation of the partial lacZ gene preceding the leader in the Plac-leader-lac construction. It is possible that the extent of reduction of transcription by the rrnC leader may vary when cells are grown under different conditions.
DISCUSSION
Previous results (1-6) demonstrated that RNA polymerase initiating at rrn promoter-leader regions can read through p-dependent termination signals more efficiently than polymerase initiating at ara, tac, or lac promoters. In this paper, we show that the separated rrnC promoter and leader regions can individually confer antitermination (defined liberally as a mechanism decreasing the efficiency of termination signals).
The promoter and leader regions can nearly equally reduce polarity caused by termination signals resulting from two independent IS] insertions in lacY, whereas the leader is responsible for most of the ability to read through a third, more polar, IS] insertion and termination signals that exist in the native lac operon between lacZ and lac Y. Our results also show that the rrnC leader reduces transcription by Plac and the rrnC promoters, suggesting that regulatory or nonregulatory events in the leader cause a substantial reduction in the transcription rate of genes downstream of the leader. The leader might reduce transcription because RNA polymerase molecules entering the leader frequently terminate within the leader or because the leader reduces the rate of initiation at the promoters. The leader could reduce initiation at the promoters ifit binds a repressor that affects RNA polymerase binding to the promoters or if polymerase stalls in the leader region (see also below) causing subsequent polymerase molecules to accumulate behind the stalled polymerase, eventually occluding the promoters. It is not known whether the events in the leader reducing the transcription rate are related to the events that cause antitermination.
The sequences of the promoter regions of all seven E. coli rrn operons have been determined (refs. 13-16 and this paper). All seven operons have two promoters (P1P2) located about 120 base pairs apart. All seven rrn operons also have an A+T-rich region of unknown function immediately upstream of P1. These sequence features are shown in the rrnC sequence (Fig. 2) . Comparison of the sequences of the seven rrn promoter-leader regions (not shown) reveals extensive homology beginning at the A+T-rich regions upstream of P1 and extending through the leader regions into the 16S rRNA genes. Because both the promoter and leader regions confer antitermination, the nucleotide sequence of the rrnC P1P2 promoter region was compared to the sequence of the rrnC leader region. This comparison revealed several regions of homology (analysis not shown). However, all significant homology between the rrnC promoter and leader regions is in regions that are not conserved in the seven E. coli rrn operons (analysis not shown). Therefore, the sequence comparisons alone cannot identify a sequence that might enable a single sequence-specific antitermination factor to act in both promoter and leader regions.
Our results and the concurrent experiments of Li et al. (6) show that the rrn leader region confers antitermination. It has been proposed previously (1) (2) (3) (4) (5) (6) that the rrn leader regions might confer antitermination by a mechanism similar to that occurring with phage X. This proposal is strongly supported only by the presence of a highly conserved sequence called BoxA (see Fig. 2 ) in the leader regions of rrn operons and in regions of X involved in antitermination (17, 18) . Strong evidence suggests that BoxA is involved with utilization of NusA protein (17) and is required for antitermination medi- (23, 24) . A consensus sequence (24) for integration host factor binding to DNA has been determined (TNYAANNNRTTGAT) and is closely matched by a sequence found at the 5' end of the 16S RNA gene (TTGAAGAGTTTGAT). This 16S RNA sequence is present in our constructions that contain the rrnC leader (positions 707-720 in Fig. 2) (21) . Thus, NusA alone might be responsible for the partial antitermination observed in all studies of rrn operons of which we are aware (refs. 1-6 and this paper). This possibility is supported by studies of in vitro transcription termination using rrn promoter and leader regions and purified proteins (our unpublished data).
The results presented in this paper and the unusual tandem promoters of rrn operons suggest possible antitermination mechanisms that might not involve antitermination factors analogous to the N or Q proteins of K. For example, the P1P2 rrn promoter regions may load polymerase onto DNA at such high density that polymerase terminates with reduced efficiency due either to physical exclusion of termination factors or to prevention of RNA secondary structure by polymerase molecules in close proximity. Another possibility is that antitermination results from unusual polymerase interactions facilitated by the structure of the P1P2 promoter region. For example, polymerase initiating at P1P2 might form dimers, as suggested by Travers et al. (25, 26) . It is possible that transcription by polymerase dimers or aggregates could explain why tRNA and rrn operons but not operons coding for most mRNAs can be transcribed without being coupled to translation. Whatever the mechanism, the rrnG P2 promoter alone does not confer antitermination (6) .
In summary, our finding that the nonhomologous rrnC promoter and leader regions independently confer antitermination suggests that proposals advanced under the assumption that only one region confers antitermination might be oversimplifications or be incorrect. Antitermination by the rrn promoter-leader regions will not be understood until termination events involving NusA and p are better understood and the proteins necessary for antitermination in rrn operons are identified.
